Chymotrypsin cleaves only one of the four major po]ypeptides of foot-andmouth disease virus (FMDV serotype O) in situ. This polypeptide (VPI, tool. wt. 29 × IO 3) was first cleaved into fragments of tool. wt. 20 and 9 × Io3 and further cleavage could be prevented by the addition of a large excess of bovine serum albumin. The infectivity of the virus particles at this stage was the same as that of the intact virus although the rate of attachment to BHK 2I cells was slower and the immunogenic activity was reduced. If hydrolysis was allowed to continue, VPI was cleaved into fragments with mol. wt. r8 and < 9 x io 3, similar to those obtained with trypsin, and the virus particles then had a greatly reduced infectivity and a lower immunogenicity. Treatment of strains from five other serotypes of the virus with the two enzymes cleaved only VPI in each instance and there was a corresponding loss of infectivity. The results are discussed in relation to the location and biological activity of the virus polypeptides.
INTRODUCTION
Treatment of FMDV (type O) with trypsin greatly decreases the ability of particles to attach to host cells and resultsin a Ioo-fold loss of infectivity (Wild & Brown, I967; Wild, Burroughs & Brown, I969) . The loss in activity is related to the cleavage of VPI, one of the four major polypeptides of the virus (Wild et al. 1969; Burroughs et al. I97I) . The capacity of the virus to stimulate the production of neutralizing antibody in guinea pigs was also reduced Io to Ioo-fold following the enzyme treatment. These results led to the conclusion that the immunizing and cell attachment sites of the virus were associated with the trypsinsensitive polypeptide.
Although treatment of another serotype (type C, strain 997) of the virus with trypsin did not lead to such dramatic losses of either infectivity or immunogenic activity (Rowlands, Sangar & Brown, i97I ) and although Bachrach et al. (I975) have found that the immunogenic activity of virus of serotype A, strain I 19 is only slightly impaired by enzyme treatment, recent experiments by Laporte et al. (I973) and Bachrach et al. (I975) with the individual polypeptides separated from disrupted virus particles have shown that only the trypsin sensitive polypeptide stimulated the production of neutralizing antibody.
Trypsin cleaves VPI in situ but apparently does not remove any of the polypeptide from the virus particles, so that the loss of infectivity and immunizing activity is probably related to configurational changes, either on VPI or on the entire virus particle. Since chymotrypsin * Present address: Department of Immunology, Middlesex Hospital Medical School, London.
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On: Tue, 11 Dec 2018 13:01:44 I50 D. CAVANAGH AND OTHERS cleaves proteins at sites different from those hydrolysed by trypsin, and Van de Woude, Trautman & Bachrach (1966) have shown that chymotrypsin increases the electrophoretic mobility of FMDV, we have compared the effects of this enzyme and trypsin on the physical and biological properties of the virus. The results are discussed in relation to the role of the capsid polypeptides in cell attachment and immunogenicity.
METHODS

Reagents.
Trypsin and bovine serum albumin were obtained from Armour Pharmaceuticals Ltd. ~md ~-chymotrypsin, L-i-tosylamide-2-phenylethylchloromethyl ketone (TPCK) and N-~-p-tosyl-L-lysine chloromethyl ketone HC1 (TLCK) were obtained from Sigma Chemical Co., London.
Virus growth and assay. Six of the seven serotypes of FMDV were used: O (strain I); A (strain 61); C (strain 997); Asia (strain PAK I); SAT 2 (strain Rho 5/66); SAT 3 (strain Bec 1/65). Each was grown in BHK 21 cell monolayers in Eagle's medium. Methionine-free Eagle's medium was used for labelling the virus with asS-methionine and Earle's saline when labelling with a mixture of ~H-amino acids. Virus was titrated by the plaque method on BHK 2I cell monolayers. The agar overlay was applied after the virus suspension had been on the cell monolayer for 75 rain at 37 °C.
Purification of virus. Virus particles were prepared as described by Brown & Cartwright (1963) except that sodium deoxycbolate was replaced by SDS in the case of virus strain O-I and Nonidet P4o with the other strains.
Preparation of antisera. Sera were obtained from guinea pigs which had received subcutaneous inoculations of virus which had been inactivated by incubation at 37 °C for 6 h with 0"05 ~ acetylethyleneimine. The virus was mixed with aluminium hydroxide gel prior to inoculation and the animals were exsanguinated after 2I days.
Determination of serum neutralizing activity. Antiserum was mixed with equal volumes of tenfold dilutions of homologous virus at room temperature for I h. Subsequently, o'o3 ml volumes of the mixtures were inoculated intraperitoneally into 5 to 6-day-old mice. The difference between the 50 ~ end-point of an experimental mixture and that of virus plus an equal volume of buffer solution was taken as the neutralizing activity of o'oi5 ml of the serum.
SDS-polyacrylamide gel electrophoresis. After disrupting the virus with I ~/o aDS, I ~oo mercaptoethanoI and o"5 M-urea at lOO °C for 4 min the virus polypeptides were dialysed against o-I ~ SDS, o.I ~ mercaptoethanol, 0"5 M-urea, pH 7.2, and then mixed with'marker proteins (bovine serum albumin, ovalbumin, trypsin, chymotrypsin and cytochrome c) which had been similarly treated. Samples were analysed in SDS-polyacrylamide gels containing IO ~ or 12-5 ~ acrylamide, as described by Burroughs et al. (1971) . The gels were stained with Coomassie blue and cut transversely into I mm slices for counting (Burroughs et al. I97I) .
Zone electrophoresis. Virus was electrophoresed in 5 to 45 ~ sucrose gradients using the procedure described by Pringle (1969) and modified as described by Rowlands et al. (1971) .
RESULTS
All the following experiments were done with virus of serotype O, strain 1, unless stated otherwise.
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Effect of chymotrypsin on the polypeptides of the virus
To ensure that cleavage of the virus polypeptides was not caused by trypsin, a possible contaminant of the chymotrypsin preparation, 14C-amino acid labelled virus was incubated with chymotrypsin (5 #g/ml) either alone or in the presence of the chymotrypsin inhibitor TPCK, or the trypsin inhibitor TLCK. Chymotrypsin alone hydrolysed VPr to give a product ( Fig. I b) which was also formed in the presence of TLCK ( Fig. I c) but not TPCK ( Fig. I d) . The inhibitory effect of TPCK was shown to be specific for chymotrypsin because this compound did not prevent the cleavage of VP~ by trypsin ( Fig. I e,f) . This means that the cleavage of VPI by the chymotrypsin was not due to the presence of contaminating trypsin. To eliminate completely the possibility of cleavage by trypsin, the chymotrypsin solutions used in subsequent experiments were incubated with excess TLCK for 24 h at 4 °C before adding to the virus preparations.
Polyacrylamide gel co-electrophoresis analysis of the polypeptides of chymotrypsin and trypsin-treated virus preparations indicated that VP~ was first cleaved by chymotrypsin to yield a fragment of mol. wt. 2o x Io 3 (P2o), compared with a fragment of tool. wt. I8 x Io a (PI8) obtained by hydrolysis with trypsin ( Fig. 2) . On prolonged incubation of the virus with chymotrypsin (5o #g/ml) P2o was hydrolysed further to a polypeptide which electrophoresed coincidentally with the polypeptide obtained by treatment of the virus with IP: 54.70.40.11
On: Tue, 11 Dec 2018 13:01:44 (Fig. 2d) . Hydrolysis products which electrophoresed more rapidly than VP4 were also obtained by treatment with chymotrypsin or trypsin.
When the virus was incubated with a mixture of the two enzymes VPI was cleaved to PI8. This means that both enzymes cleaved VPI at a position approx, two-thirds along the length of the polypeptide, measured from the same end.
Incubation of virus at 37 °C with chymotrypsin (2 #g/ml) in the presence of bovine plasma albumin (2 mg/ml) decreased the rate at which VPI was cleaved (Table I) . After 6 h at 37 °C less than 1% of VPI remained intact but the major fragment had a mol. wt. of 2o x io 3 and there was no cleavage to PIS. In the presence of bovine plasma albumin the cleavage of VPI by trypsin was also inhibited, but to a lesser extent than with chymotrypsin and the major fragment had a mol. wt. of 18 x IOL In some experiments a small amount of a polypeptide of mol. wt. 23 x ~o 3 was produced by chymotrypsin. Since detection of this polypeptide was infrequent it was not possible to ascertain whether it had originated from VPI.
Effeet of chymotrypsin on the surface charge of the virus particle
It has been shown previously that trypsin-treated virus has a greater negative surface charge than untreated virus (Wild & Brown, I967; Rowlands et al. I970. Sucrose gradient electrophoresis of chymotrypsin-treated virus particles in which VPI had been cleaved to P2o showed that they had a negative surface charge greater than intact virus particles, as shown by their more rapid migration at pH 8 (Fig. 3) 
Infectivity of chymotrypsin-treated virus
Virus particles in which VPI had been cleaved to P2o by incubating with chymotrypsin (z/zg/ml) in the presence of bovine plasma albumin for I h at 37 °C had an infectivity titre slightly higher than that of the intact virus. Even after a further 5 h at 37 °C the infectivity titre was still more than 6o ~ of that after 5 min incubation although no intact VP~ could be detected. The decrease of about 4 ° ~ (Table I) was probably due to thermal inactivation. However, when VPI was cleaved by the enzyme to Pi8 by incubating with ~ 50 #g/ml chymotrypsin in the absence of bovine plasma albumin, the infectivity was only about I of the original (see Table 3 ). This reduction is similar to that produced by trypsin.
To ascertain whether other serotypes of FMDV were susceptible to chymotrypsin, five other strains of the virus, each from a different serotype, were incubated with either 4oo/~g/ml chymotrypsin, which cleaved VPI to PI8, or 2oo #g/ml trypsin for z h at 37 °C. The infectivity of each strain was reduced IO-to Ioo-fold by each enzyme and the extent of the reduction was similar with the two enzymes (Table 2) . Polyacrylamide gel electrophoresis showed that with each virus strain only polypeptide VPI had been cleaved.
The marked decrease in infectivity of the virus which followed trypsin treatment was a reflection of the reduced capacity of the virus to attach to host cells (Wild & Brown 1967) . Virus which had been incubated with chymotrypsin (IOO/zg/ml) so that VP1 was cleaved to PI8 also failed to attach to the host cells ( Fig. 4) . With the lower concentrations of chymotrypsin which resulted in cleavage of VPI to P2o the infectivity was not decreased but the rate of attachment to the BHK 21 cell monolayers was reduced (Fig. 4) . In the experiments shown in Fig. 4 , the titres of the virus and enzyme treated virus were 3"2 and 3"6 × IO v p.f.u./ml respectively.
Immunogenic activity of chymotrypsin treated virus
The results in Table 3 show that virus particles in which VPI had been cleaved with chymotrypsin to P2o produced lower levels of neutralizing antibody than the untreated virus I54 D. CAVANAGH AND OTHERS particles. Virus particles in which VPI had been cleaved to Pr8, either by chymotrypsin or trypsin, produced rather lower levels of neutralizing antibody (Table 3) .
DISCUSSION
In common with other picornaviruses so far examined, FMDV contains four major polypeptides, three with tool. wt. about 30 x Io ~ and one with a tool. wt. of about IO x Io 3. There is now evidence from studies on the immunogenicity of trypsin-treated FMDV (Wild & Brown, I967; Rowlands et al. I970 which indicates that only one of the virus polypeptides is concerned in stimulating the formation of the major neutralizing antibody to the virus and the same polypeptide is also immunogenic after isolation Time at 37 =' C (rain) Fig. 4 . Attachment of virus to BHK monolayer cells after partial and complete hydrolysis by chymotrypsin, asS-methionine labelled FMDV containing 25/~g/ml bovine plasma albumin was incubated at 37 °C with buffer only (e--e) and chymotrypsin at 5 #g/ml for xo min (o--o) or Ioo #g/ml for 3 h (m--m). Virus was separated from enzyme by filtration through a column of Sephadex G-ioo, diluted and 3o samples (o.2 ml) of each preparation were incubated with separate BHK cell monolayers at 37 °C. At intervals five plates of each set were washed and the cell-associated radioactivity determined.
from the virus particle (Laporte et al. [973; Bachrach et al. I975) . The results of the present study afford support for this view. We have found that chymotrypsin cleaves only VPI, the same polypeptide hydrolysed by trypsin. Whereas treatment of virus particles with trypsin greatly decreased their infectivity and immunogenicity, the extent to which these properties of the virus particles were altered by chymotrypsin was related to the extent of cleavage of VPI. Virus particles in which cleavage had proceeded to PI8 were much less infectious and somewhat less immunogenic than those in which P2o had been produced.
Since trypsin cleaves VP[ only at a single site (Strohmaier & Adam, t974; Matheka & Bachrach, I975) , to yield fragments PI8 and PtI, this would suggest that the amino acids at the point of cleavage are more important in the immunogenic determinant than those at the chymotrypsin cleavage point which produces P2o. The two-step cleavage of VP[ by chymotrypsin may be a reflection of the specificity of the enzyme. The enzyme cleaves rapidly those peptide bonds adjacent to tyrosine, phenylalanine and tryptophan and slowly at the carboxyl group of numerous amino acids (Smyth, I967) . Cleavage of VPI to P2o may be a consequence of hydrolysis adjacent to one of the aromatic amino acids while the subsequent slower formation of PI8 may follow cleavage at one or more of the other amino acids for which chymotrypsin has a lower affinity. The second cleavage was prevented by the presence of 2 mg/ml bovine serum albumin, probably 1.2 *t Virus was incubated with or without enzyme at 37 °C for 30 min (*) or 5 h (t). Samples of virus were removed for infectivity determination and polyacrylamide gel electrophoresis while the remainder was separated from enzyme on a column of Sephadex G-zoo and prepared for inoculation into guinea pigs. Results are from two experiments. by reducing the effective concentration of the enzyme so that it cIeaved only at residues for which it has a high affinity.
Attachment of the virus to cells was also impaired following cleavage of VPI by chymotrypsin, when measured directly by the use of radioactively labelled virus or indirectly by infectivity determinations. Attachment was reduced to a much greater extent by cleavage of VPI to PI8 compared with P2o, suggesting that the surface configuration of the virus required for attachment was largely conserved in the cleavage to the larger polypeptide. The decreased rate of attachment in the latter instance may indicate that the interaction of cell receptors with chymotrypsin treated virus is weaker than that with untreated virus and consequently more easily reversed. Alternatively, attachment of the chymotrypsin cleaved virus may be restricted to fewer of the cell surface molecules that serve as receptors of the virus. In experiments with pig kidney cells it has been shown that more than one species of molecules on the cell surface can function as receptor for FMDV (D. Cavanagh, unpublished observations).
Work with poliovirus and human rhinovirus has shown that the antigenicity of the particles and their ability to attach to cells depends on a metastable conformation of the virus particle polypeptides and that irreversible alteration of this conformation from the active or D form to the inactive C form leads to loss of their ability to recognize cell receptors. The location of the metastable site responsible for cell attachment and reaction with neutralizing antibodies in the D form has been the subject of controversy. Breindl 0970 has suggested that these functions are located on the polypeptide VP 4, which is generally lost on conversion to the C form. An alternative model has been proposed by Lonberg-Holm and co-workers (Lonberg-Holm & Yin, I973; Noble & Lonberg-Holm, I973; Korant et al. I975) in which the D and C forms reflect alternative charge patterns at the surface of the virus particle which are not necessarily located on any one particular polypeptide. Earlier work with FMDV has shown that VP4 has the properties of an internal group antigen and is unlikely to be directly involved in the D antigenic site of the virus particle (Talbot et al. 1973) . The situation with FMDV is therefore compatible with the second model with the minor modification that only one polypeptide carries the immunogenic and cell attachment sites. The location of these sites may be in the region of the capsid vertices since this is where the neutralizing antibody attaches (Brown & Smale, 197o) . In vitro labelling experiments have shown that both VPI and VP2 are accessible to labelling with a25I in the intact particles of HRV (Lonberg-Holm & Butterworth, 1976) whereas in similar experiments with FMDV (Laporte & Lenoir, 1973; Talbot et al. 1973; Sangar et al. 1976 ) as well as poliovirus (Lonberg-Holm & Butterworth, I976) and bovine enterovirus (Carthew & Martin, 1974) only VPI was labelled. This again suggests that with FMDV, and possibly other picornaviruses, HRV excepted, the surface properties of the virus particle are associated with a single polypeptide.
The controlled hydrolysis of VPI in FMDV in situ could provide further information on the immunogenic region of this polypeptide. As a first step it would be interesting to determine whether P2o produced by chymotrypsin is more immunogenic than PI8 after release from the virus particle.
